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mmoles; in an entirely independent case, the cor
responding values were 2.02 and 2.05 mmoles, re
spectively. 

With respect to the role of [Pt(en)(en-H)]°, the 
experiments involving this intermediate show that 
the decomposition of [Pt(en)2]° is more complex 
than originally expected. The added complexity, 
however, arises from the unavoidable presence of 
excess potassium in the reaction mixture; this re
sults in concurrent reactions that are not involved 
in the over-all reaction of [Pt(en)2]l2 with one equiv
alent of potassium since in this case the potassium is 
removed prior to the appearance of [Pt(en)2]°. 
Although [Pt(en)(en-H)] undoubtedly appears in 
the reduction of [Pt (en) 2] Is with two equivalents of 
potassium before the excess potassium is removed 
by washing, the intermediate must react only 
slightly since after 3 to 4 hr. the final decomposition 
product, [Pt(en-H)2]°, is present to the extent of 
only about 10% of the Pt used originally as [Pt-
(en)2]I2. This interpretation is supported also by 
the persistence of the blue color at the end of the 
addition of potassium solution. 

The unusual species derived from [Pt(en)2]I2 and 
reported in this and the preceding communication2 

may be summarized as 
(la) [Pt(en)2]I (2a) [Pt(en)(en-H)]° 
(lb) [Pt(Cn)2]0 (2b) K[Pt(en)(en-H)] 

(3a) [Pt(en)(en-H)]I 
(3b) [Pt(en-H)a]° 
(3c) K[Pt(en-H)(en-2H)] 

The complexes la and lb contain platinum in the 
apparent 1 + and zero oxidation states. These 
products are unstable with respect to decomposition 
to elemental platinum and ethylenediamine at 
room temperature; at —33.5° they decompose with 

Introduction 
The reaction of trichloroammineplatinate(II) ion 

with ammonia yields predominantly the CM-[Pt-
(NHs)2Cl2]. This procedure for the preparation of 
the cw-isomer is one of the most frequently cited ex
amples of the ^raws-effect which illustrates that a 
chloride ligand has a greater Zraras-directing influ
ence than ammonia. By this means the isomer is 
formed which is less stable in a thermodynamic 
sense since it is converted upon heating into the 
/raws-isomer.1 

(1) A. V. Nikolaev, Compt. rend acad, set. U.R.S.S., 20, 571 (1938). 

evolution of hydrogen and the formation of one or 
more of the basic complexes (3a, b, c). Although 
the dark red [Pt(en)2]I and the light pink [Pt(en)2]° 
are both insoluble in liquid ammonia, their sta
bilities are of such a low order that evidence for 
their existence could be obtained only by analysis of 
their decomposition products. 

The compounds 2a and 2b also contain platinum 
in their apparent 1 + and zero oxidation states, re
spectively, and their formation involves also the 
removal of a proton from a nitrogen atom in ethyl
enediamine coordinated with platinum. These are 
white ammonia-insoluble solids and evidence for 
their formation also was obtained through the study 
of their decomposition products. 

The complexes 3a, 3b and 3c appear not only as 
decomposition products of (la) and (lb) but also 
are formed by the interaction of [Pt (en) 2] I2 with 
one, two and three equivalents of potassium amide. 
All three of these substances contain platinum in the 
2 + oxidation state and although very hygroscopic, 
they are stable at room temperature in a dry inert 
atmosphere. Accordingly, these products were iso
lated, purified and subjected to direct analysis. 
Aqueous solutions of these products are strongly 
basic; this of course indicates the displacement of a 
proton from water. Both [Pt(en)(en-H)]I and 
[Pt(en-H)2]° are insoluble in liquid ammonia as 
well as in more than 20 common organic solvents. 

Further studies on the structure of these unusual 
species are either in progress or are anticipated. 
Certain evidences suggest that at least some of 
these substances are polymeric; if so, the presence 
of platinum in 1 + and zero oxidation states may 
prove to be more apparent than real. 
AUSTIN, T E X A S 

The authors have reported in an earlier publica
tion2 studies of the kinetics of the reversible acid 
hydrolysis of [Pt(NH3)Cl3]- and [Pt(NH3)Cl2-
(H2O)] in dilute solutions. The system was de
scribed by the reactions 

ife-i 
[Pt(NH 3 )Cl 3 ] - + H2O ± ^ [Pt(NH3)CI2(H2O)] + Cl" 

h 
(D 

(2) T. S. Elleman, J. W. Rershus and D. S. Martin, Jr., Tins JOUR
NAL, 80, 536 (1958). 
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Rates of isotopic exchange between the chloride ligands in [Pt(NH 3 )Cl 3 ] - and in the acid hydrolysis product, [Pt(NH3)-
Cl2(H2O)], with C l - have been determined in aqueous solutions in the temperature range 0-30°. For each complex the 
exchange occurs by the observable acid hydrolysis and by additional chloride-independent processes. I t is proposed that the 
non-equivalent chlorides in each complex undergo separate acid hydrolyses. Although all such hydrolysis reactions have 
roughly the same rate constant and AH*, there is considerable variation in AF". In support of this proposal, the substitu
tion of chloride by hydroxide in [Pt(NHj)Cl2(H2O)] has been found by a tracer technique to be unsymmetric, indicating the 
presence of the cis-isomer. The mechanism of the acid hydrolysis reactions is discussed. 
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and 
£_2 

H2O + [Pt(NH3)Cl2(H2O)] ±^T 
h 

[Pt(NH8)Cl(H2O)2J
+ + Cl" (2) 

where for 25° 
k\ = 3.6 X 1O-6 sec. - 1 , A H i * = 18.9 kcal. 
k-i = 2.5 X 10- 3LmOIe- 1SeC.- 1 , AHi* = 16.8 kcal. 
fe = l X 10-» sec . - 1 

k-t = 0.2 1. m o l e - 1 sec."1 

It was not possible by the earlier experiments to 
evaluate the stereochemical features of the reac
tions. The /raws-effect predicts that the reaction to 
produce the cis-isomer occurs more rapidly, i.e., 
ka > kt for the reactions 

Cl 

/"*-r H3N-Pt-Cl + Cl- (Ic) 

ci h , I 
I OH2 

H 3 N-Pt-Cl - + H2o{ 
I Cl 

Cl I 
( ± 5 : H1N-Pt-OH2 + Cl" (It) 

In the CW-[Pt(NH3)Cl2(H2O)], of course, the two 
chlorides are non-equivalent, whereas in the trans-
compound the chlorides are equivalent. 

The present study was undertaken to determine 
the rate at which isotopically tagged chloride ion in 
the solution enters the various complexes. Reac
tions 1 and 2 offer a means by which such isotopic 
exchange with chloride can be accomplished. It is 
of interest to find whether additional means exist to 
permit the tagged chloride to enter the complexes. 
Under certain conditions the stereochemistry of 
reaction 1 may be resolved. If, for example, k c » 
kt, two chlorides may approach isotopic equilibrium 
in [Pt(NHs)CIs]- much more rapidly than the 
third and vice versa. However, reaction 2 and its 
reverse may permit the exchange of the chloride 
which is not removed by the first hydrolysis (reac
tion 1). Also, a possibility exists that if the [Pt-
(NH3)Cl(H2O)2]"

1" is exclusively the ^raws-complex, 
the chloride trans to the NH3 will not exchange. 

The hydrolysis of all the other mononuclear 
chloroammines of platinum(II) has been studied. 
Grantham, Elleman and Martin3 found that [Pt-
CU]" undergoes acid hydrolysis but does not un
dergo additional isotopic exchange of chloride. 
However, [PtCl3(H2O)]- undergoes a chloride ex
change which is independent of chloride and which 
may possibly proceed via acid hydrolysis. Ba-
nerjea, Basolo and Pearson4 found that CM-[(Pt-
(NH3)2C12] undergoes an acid hydrolysis. Although 
they detected no hydrolysis product for /raws-[Pt-
(NHs)2Cl2] nor [Pt(NHs)3Cl]+, the isotopic ex
change with chloride occurred by a process which 
was independent of chloride ion concentrations. 
Thus no exchange of chloride which is dependent 
on chloride concentration has yet been found for 
any of the complexes. The present complex is of 
special interest for it is the only one of the series 

(3) L. F. Grantham, T. S. Elleman and D. S. Martin, Jr., T H I S 
JOURNAL, 77, 2965 (1955). 

(t) D. Banerjea, F. Basolo and R. G. Pearson, ibid., 79, 4055 
(1957). 

which contains chloride trans to ammonia and other 
chloride trans to chloride. 

Experimental 
Materials.—K[Pt(NH8)CU] was prepared by the method 

described earlier.' [Pt(NH3)Cl2(H2O)] was formed when 
solutions of [Pt(NH 3 )Cl 8 ] - were equilibrated with H2O 
by reaction 1. Passage of dilute equilibrated solutions of K 
[Pt(NH3)Cl3] through a column of anion-exchange resin, 
Dowex 1, in the sulfate cycle, removed [Pt(NHj)Cl 3 ] -

and Cl" . The remaining [Pt(NH8)Cl2(H2O)] solution 
was stored in concentrations not greater than 0.005 M at 
0.0°. The equilibria in equations 1 and 2 were re-established 
but the species [Pt(NH8)Cl2(H2O)] comprised approxi
mately 8 5 % of the total platinum. The remainder was 
mostly [Pt(NH3)Cl(H2O)2] + . 

Tetraphenylarsonium acetate, (As(CeHs)4)(CsH3O2), was 
prepared by passing the (As(CeHs)4)Cl reagent, purchased 
from the Hach Chemical Co., through a Dowex 1 anion-
exchange resin in the acetate cycle. The effluent solution 
was standardized gravimetricafiy by the precipitation of 
(As(C8Hs)4)(ClO4). When the acetate reagent was added 
to equilibrated solutions of K[Pt(NH8)Cl3] , the compound 
(As(CoHs)4)[Pt(NH3)Cl3] precipitated quickly. For the 
analyses of these precipitates, samples which had been 
dried a t 95° were weighed and dissolved in hot water. An 
excess of LiClO4 was added, and the (As(C6Hs)4)(ClO4) 
which precipitated was filtered and weighed. The plati
num and NH 3 analyses of the filtrate followed the pro
cedures used for the K[Pt(NH8)Cl3] samples.2 Results: 
(As(CeHs)4)+ = 53.7, calcd. 54.5; P t = 27.2, calcd. 27.7; 
NH8 = 2.5, calcd. 2.4. Chloride was not determined 
since Cl-analyses of K[Pt(NH3)Cl8] were generally of rather 
poor precision.2 However, a (As(C8Hs)4)NO3 solution, 
pH 4.65, was added to a solution of 0.01 M K[Pt(NH3)Cl3] , 
pH 4.60, which had been aged for 20 hr. The pH after the 
precipitation of (As(C8Hs)4)[Pt(NH3)Cl3] was 4.65. There
fore no appreciable amount of (As(C8Hs)4) [Pt(NH3)Cl(OH)], 
which would reduce the pH, could have precipitated. 

Chlorine-36, half-life 3.1 X 10s years, decaying by a single 
0.72 Mev. /3-disintegration, was the tracer isotope. The 
radioactive chlorine, carried in dilute HCl, was obtained 
from the Isotopes Division, U.S.A.E.C., Oak Ridge, 
Tennessee. 

Water for the preparation of all solutions was drawn from 
the distilled water tap and was redistilled from alkaline 
permanganate. 

Platinum normally was recovered as the metal by a for
mate reduction and reused in the experiments. A neutron-
activation analysis indicated an. iridium content of 20 
p.p.m. 

Other reagents which were used met A.C.S. specifications. 
Equipment.—Reaction temperatures were maintained to 

± 0 . 1 ° by a Sargent constant temperature bath. At 0°, 
however, ice-baths were used. For other experiments 
below 20° the water cooling coil of the thermostat bath was 
replaced by a refrigeration coil. 

Radioactivity Measurements.—The rather conventional 
procedures for preparing, weighing, mounting and counting 
radioactive samples were described by Grantham, et al.3 

The practice of carrying several filter papers through the 
washing, drying and weighing procedure was continued to 
provide corrections for humidity differences in the counting 
sample tares. 

For each sample the specific activity, S cts . /min. mg. Cl, 
was always determined from the counting rate, corrected to 
standard geometry and self-scattering conditions, from the 
weight of the deposit and from its chloride content. Such 
specific activities were proportional to the disintegration 
rates per mole of chloride. 

Exchange in Aged Solutions of K[Pt(NH3)Cl3] and K C l . -
The proper quantities of K[Pt(NH3)Cl3] , KCl and Na2SO4 
to give solutions with the desired concentrations and an 
ionic strength of 0.318 molar were weighed into a volumetric 
flask, and water was added to the mark. The flasks usually 
were wrapped with opaque tape to exclude light and 
were thermostated a t the reaction temperature for a suffi
cient time to approach closely equilibrium with respect to 
the hydrolysis reactions 1 and 2. Aliquots were withdrawn 
at intervals, and a fivefold excess of (As(C8Hs)4)(C2H3O2) 
was added immediately to each aliquot to precipitate the 
[Pt(NH8)CIs]-. After 4 min. the aliquot was filtered. 
The precipitates were washed three times with H2O and 
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allowed to stand overnight. The (As(C6Hs)4)[Pt(NH3)CIs] 
was deposited in an even, reproducible film on the filter 
paper, and its specific activity 5 was determined. To 
obtain S03 for each reaction, at least two aliquots were 
taken after a sufficient time so that no further change in the 
specific activity was detectable. These data provided a 
fraction of exchange for the [Pt(NH3)Cl3] ~ species defined as 
5 / 5 » . In a few experiments with high chloride concen
trations, the initial specific activity of the tracer-chloride 
was carefully determined, but this information was not 
generally required. 

In aged solutions, for which the chloride concentration 
was low (less than 0.02 M), [Pt(NH3)Cl3]- and [Pt(NH3)-
02(H2O)] were present in comparable concentrations. The 
addition of Ag2SO4 to the solutions quickly precipitated 
AgCl and Ag[Pt(NH3)Cl3]. However, a drop in ^ H 
followed the addition of Ag2SO4, which indicated the co-
precipitation of significant amounts of insoluble Ag[Pt(NH3)-
Cb(OH)]. The precipitation of this compound was sup
pressed by the addition of H2SO4 to lower the pK to ca. 2. 
At pH 2 the addition of Ag2SO4, 20-30% in excess of the 
amount calculated to precipitate C l - and [Pt(NH 3 )Cl 3 ] - , 
removed these anions effectively. The major portion of the 
[Pt(NH3)Cl2(H2O)] remained in the filtrate after filtration 
through a glass sinter. The filtrate was treated with excess 
aqueous NH3 and heated for 4 hr. at 80° to replace the 
chloride ligands by NH3 . The solution then was acidified 
with H2SO4 and Ag2SO4 was added. The resulting AgCl 
precipitate was collected on a filter paper, dried, weighed 
and counted. With a careful control of the amount of 
Ag2SO4 which was initially added, this silver-ion scavenging 
procedure provided the specific activity of the [Pt(NH3)-
Cl2(H2O)] species. Without such information analysis of 
the exchange would have been severely curtailed. 

Exchange in Fresh Solutions of K[Pt(NH3)Cl3] and KCl. -
For fresh solution exchange the proper quantities of KCl 
and Na2SO4 were dissolved in water of a predetermined 
volume and temperature. A weighed quantity of K[Pt-
(NH3)Cl3] then was dissolved in the solution and the chloride 
tracer was added immediately. At this time only negligible 
quantities of the hydrolyzed species were present. From 
this point the experiment was treated in the same fashion as 
the aged-solution experiments. 

Chloride Exchange with [Pt(NH3)Cl2(H2Oj] . --Dilute 
solutions of [Pt(NH3)Cl2(H2O)], prepared by the ion-
exchange method, were transferred to reaction flasks, and 
Na2SO4 was added to bring the ionic strength to 0.318 mole/1. 
The flasks were stored for a period in the thermostat. The 
following concentrations of a typical preparation a t 20°, 
after the hydrolysis equilibria 1 and 2 were reestablished, 
were calculated from the equilibrium constants: [Pt(NH3)-
Cl2(H2O)] = 20.2 X 10"4 Af, [Pt(NH3)Cl(H2O)2

+] = 3.4 
X 10~4 Af, [Pt(NH3)Cl3-] = 0.4 X 10~4 Af, and (Cl") = 
2.5 X 10"4 M. Enough solid KCl was added to increase 
the C l - concentration by an increment of 29.0 X 1O-4 A/. 
The solution approached an equilibrium state in which 
[Pt(NH3)Cl2(H2O)] = 20.0 X 10-* Af, [Pt(NH3)Cl(H2O)2

+] 
= 0.4 X 10-" Af, [Pt(NH3)Cl3-] = 3.6 X 10-" Af and (Cl") 
= 26.0 X 10-* Af. Initially, the [Pt(NH3)Cl(H2O)2]-
concentration decreased very rapidly, but the [Pt(NH3)-
Cl3] - formed slowly with a period of approximately- 14 hr. a t 
20°. 

Approximately 1 hr. after the addition of the KCl, the 
chloride tracer was added. Solution aliquots were with
drawn after various time intervals. The specific activity 
of the chloride ligands then was determined by the silver-
ion scavenger procedure described above. 

In some experiments the Cl36 tracer was included with the 
KCl which was added to increase the chloride ion content of 
the equilibrated [Pt(NHs)Cl2(H2O)] solutions. The specific 
activity of complexed chloride increased more rapidly in 
these experiments by virtue of the reverse of reaction 2. 
From the increase in the, initial slope of S/Sa, the rate of 
replacement of H2O in [Pt(NH3)Cl(H2O)2] + by chloride 
was estimated. A value 0.16 M~l sec."1 was indicated 
for k-2 at 20°, in satisfactory agreement with the earlier 
rough estimate of 0.2 for 25°. 

Substitution of N O 2 - and O H " in [Pt(NH3)Cl2(H2O)].--
Experiments were performed to detect a possible non-
equivalence of the chloride ligands in [Pt(NH3)Cl2(H2O)]. 
[Pt(NH3)Cl2(H2O)] was allowed to exchange with tracer 
chloride for a short period of time (1-2 hr . ) . The exchange 
was then quenched by the addition of Ag2SO4. The average 

specific activity of the chloride ligands in a portion of the 
solution was obtained by the silver-ion scavenging procedure. 
Various amounts of either KNO2 or KOH were added to 
other portions of solution. With KOH, Ag2O formed 
quickly and was filtered off. The platinum complex was 
transformed to the anion [Pt(NH3)Cl2(OH)]- and OH ~ 
slowly replaced Cl" . The reaction of N O 2

- with [Pt-
(NH3)Cl2(H2O)] proceeded more rapidly. After a fraction 
of the chloride ligands had been replaced, the solution was 
acidified to pH 2, and Ag2SO4 was added to precipitate the 
free chloride. These precipitates were separated by filtra
tion, and their specific activities were determined. The 
chloride ligands which had passed into the filtrate were re
covered by the ammonia replacement method used in the 
silver-ion scavenging procedure. 

Results 
Exchange for [Pt(NH3)Cl3]- in Aged Solutions.— 

Preliminary experiments were intended to establish 
the number of chlorides in [Pt(NH3)Cl3] - which ex
changed with chloride ion. The exchange solutions 
contained high chloride ion concentrations with a 
known specific activity. The specific activity of 
the [Pt(NH3)Cl3] - fraction was determined after 
several days. If two chloride ligands had ex
changed, the final specific activity, S^ (2) will be 

S,A2) = 2bS„"/:i (b + 2a} (3) 

w h e r e 

a = initial coucu. of [Pt(NHs)Cl3] ~, M 
b = initial concn. of C l - , M 
5a° = initial specific activity of Cl", cts./miu. mg. Cl 

If all three chloride ligands had exchanged, the 
final specific activity will be 

5co(3) = bS.°/(b + Sa) (4) 
The results, shown in Table I, clearly indicate that 
all three ligands had undergone exchange. 

TABLE I 

Initial 
(Pt(NHa)-

Ci3-] 
fa) 
M 

0.0083 

.0166 

a Temp. 

Initial 
chloride 

(b) 
M 

0.134 

. 075 

= 20°; Ss» = 

'rime, 
hr. 

144 

100 

109 ± 4 

calcd. 

65 

51 

• C t S . / 

5„(3) 
calcd. 
CtS./ 
min. 

mg. Cl 

93 

66 

min. mg, 

S 
obsd. 

97.8 ± 1.6 
96.9 ± 1.6 
94.2 ± 1.5 
96.7 ± 1.6 
65.2 ± 1.0 
tin. 4 ± 1 , (J 

,Cl . 

A series of exchange experiments were performed 
with aged solutions at several temperatures to deter
mine whether the acid hydrolysis equilibrium rates 
measured earlier2 were sufficient to account for the 
exchange. The conditions of the various experi
ments have been included in Table II. The detailed 
results of two typical experiments are shown in 
Fig. 1, one for high chloride concentration and one 
for low chloride, In this figure the usual exchange 
variable log (1 — S/Sco) is plotted against the time. 
The initial points of this variable, 1.0 ± 0.03, indi
cate no exchange induced by the separation proc
ess. It is also apparent from the figure that all 
three chloride ligands have exchanged at approxi
mately the same rate. This feature implies that 
the trans effect does not apply for the exchange proc
ess. Deviations of the plots of the exchange vari
able, log (1 — S/SJ), vs. time from linearity were 
not large, and the time of half-exchange serves as a 
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convenient parameter to characterize the exchange 
rate. Observed values of the t ime of half exchange 
are included in Table I. A few of the experiments 
in Table I were repeated several t imes and the re
sults were satisfactorily reproducible. 

EXCHANGE BETWEEN 

Initial 
[Pt-

(NHi)-
Ch"] Initial 

concn. C l -

Temp., X 102, concn., 
°C. M M 

0.0 1.66 0.0100 
0.830 .134 

15.0 1.66 .0100 
20.0 1.66 .0100 

TABLE II 

[Pt(NH3)Cl3; 
SOLUTIONS" 
Equi

librium 
[Pt-

(NHi)-
Cl,-

(H2O)] 
concn. 
X 10', 

M 

~ AND Cl - IN AGED 

6.76 
0.65 
7.26 
7.45 

66 

66 

25 0 

30.0 

.830 

.830 

.415 
1.66 
0.830 
1.66 
0.830 

.025 

.050 

.075 

.268 

.201 

.268 

.0100 

.0100 

.134 

.0100 

.134 

5.30 
3.48 
2.57 
0.933 

.55 

.41 
2.23 
7.59 
0.82 
7.72 
0.85 

Aging 
time, 

hr. 

117 
117 
42 

42 
50 
49 
42 
30 
34 
34 
34 
40 
40 
42 
42 
12 
12 
24 
24 

Time of half-
exchange for 

[Pt(NHi)Ch] 

£H 
Obsd. 

hr. 
48 

159 

5.58 
5.41 
0.90 
3.92 

6.58 
5.96 
6.02 
4.89 
5.01 
6.10 
5.51 
6.19 

.0 

.3 

.0" 

.1° 

.9" 

.5* 
0.02 / 

6.2 
9.5 
9.5 

13.0 
14.0 
14.5 

Calcd. 
hr. 

50 
139 

8.1 
4.4 

3.2 
7.2 
1.8 
4.5 

" Na2SO4 added to give ionic strength to 0.318 except 
where noted. b Exchange solution exposed to room light. 
c No Na2SO4 added, ionic strength was 0.0266. d Na2SO4 
added to give ionic strength of 0.080. " No Na2SO4 added, 
H2SO4 added to give the low pB.. f (NH4)2Ce(N03)6 
added, 5 X 10 "4 mole/1. 

Since in aged solutions equilibrium with respect 
to the acid hydrolysis was established, rates of 
these reactions can be expressed by the equations 
-K1 = Ai[Pt(NH8)Cl3-] = i?_i = 

J^1[Pt(NH3)Cl2(H2O)][Cl-] (5) 

and 

R1 = A2[Pt(NH3)Cl2(H2O)] = R-. 2 = 
^2[Pt(NH3)Cl(H2O)2

+][Cl-] (6) 

where the brackets denote molar concentrations of 
the indicated species. Since the experiments in 
Fig. 1 indicated tha t all the chloride ligands in 
[ P t ( N H 3 ) C l 3 ] - exchanged a t approximately equiva
lent rates, the kinetic expressions were set up ini
tially on the basis t ha t the three chloride ligands in 
[Pt(NH3)Cl8]" - were equivalent and the two chlo
rides in [Pt(NH3)Cl2(H2O)] were equivalent. The 
following symbols were defined for this t rea tment 

s = concn. of Cl36 in C l - (cts./min. 1.) 
u = concn. of Cl» in [Pt(NH3)Cl3] - (cts./min. 1.) 
v = concn. of Cl" in [Pt(NH3)CU(H2O)] (cts./min. 1.) 
w = concn. of Cl" in [Pt(NH3)Cl(H2O)2]+ (cts./min. 1.) 
/ =s+u + v + w= concn. total Cl36 

5, = .?/[Cl-] specific activity of chloride ion 
Sn = «/3[Pt(NH,)Cl,-] 
Sv = ^/2[Pt(NH3)Cl2(H2O)] 
S„ = ^/[Pt(NH3)Cl(H2O)2

+] 

UK 

V) 

I 

0.2 

^ 
^ 

• 

o-.oieew* 
6 ' O.OIOM. 

• 

3 

» 

(J 

*~7 
o .0.0083 M. 
b.O 134 M. 

^ - s 
A 

< > 

9 12 IS 18 21 
TIME IN HOURS. 

Fig. 1.—Exchange between [Pt(NH3)Cl3]- and Cl" in 
aged solutions. Temp. = 20°, ionic strength = 0.318 M, 
a = [Pt(NH3)Cl3-] before aging and b = [Cl-] before aging. 
Smooth curves represent the calculated extent of exchange 
if the only exchange means are the first and second acid 
hydrolyses reactions, characterized by Je1, k-i, k2 and k-z, 
and if the chloride ligands in each complex are equivalent. 

For exchange via only the acid hydrolysis equilib
ria, these rate equations apply 

du/dt = -i?i(35u) + R-i(2Sy + S.) (7) 
dv/dt = i?t(25u) - R-i(2Sy) - R,(2Sy) + iv_2(SB + S„) 

(8) 
dw/dt = R2(Sy) - R^1(Sy,) (9) 

In any of the experiments of Table I I the largest 
9 concentration of [Pt(NH3)Cl(H2O)2]+ was less 
8 than 0 . 1 % of [Pt (NH 3 )Cl 3 - ] . Therefore to a very 
4 good approximation w < < u, dw/dt « du/dt and 
8 5W = Sy With these approximations, equations 7 

and 8 become linear differential equations in the 
two independent variables u and v, for which the 
solutions are 

(So, - Su)AS-Co = Aie-<*t + Aoe ~<nt (10) 
(Sx, - Sy)/Sa = Bie-«< + Bte-mt (H) 

where Ai, A2, B1, Bt, a\ and a2 are functions of the 
equilibrium concentrations of the species and the 
four rate constants for reactions 1 and 2. 

The curves plotted in Fig. 1 for the two experi
ments represent the calculated solution, equation 
10, for each of the experiments. I t was clear tha t 
the hydrolysis reactions, characterized by k\, k-\, 
k2 and k~ 2, are not sufficiently rapid to account for 
the rate a t which Cl36 enters the [P t (NH 3 )Cl 3 ] - . 
Similar results were obtained for every experiment 
listed in Table I I . Some additional exchange proc
ess must therefore be postulated to explain the ob
served results. Two possible processes have been 
considered in modifications to equations 7 and 8. 
du/dt = -R1(SSu) + R..1(2SV + S.) + R'(S. - Su) 

(12) 
dv/dt = .Ri(2£u) - tf_!(2.Sv) - R2(2Sy) + #_2(SW + 

Ss) + R"(SB - Sv) (13) 

The reaction rate R' describes an exchange process 
involving [P t (NH 3 )C l 3 ] - and R" describes a process 
for [Pt(NH3)Cl2(H2O) ]. The experiments in Fig. 1 
show a distinct difference from the behavior of 
[PtCl4]=. For [ P t O 4 ] - the exchange rate under 
high chloride concentrations corresponded just to 
the acid hydrolysis; hence direct exchange for 
[PtCl4]"', equivalent to reaction R', was negligible. 
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For [P t (NHs)Cl 3 ] - , further experiments were re
quired to characterize the rate processes R' and R". 

Exchange of [Pt(NH3)Cl3]- in Fresh Solutions.— 
When the KCl with the Cl36-tracer was added to 
freshly prepared solutions of K[Pt (NH 3 )Cl 3 ] , the 
activity entered the complex with an initially rapid 
rate. The da ta from one such experiment are 
shown in Fig. 2. I t was necessary for these experi-

.5 

4 

.3 

n 

R/p - 0 . 7 . 

1 1 " " 0 ^ , y c 

R^flC 

) . 

. V0-= 

' T 
S' 

, 
---

1.3 2 
TIME IN HOURS, 

Fig. 2.—Exchange between [Pt(XH3)Cl3]- and Cl" in 
the freshly prepared solutions. Temp. = 20°, ionic 
strength = 0.318 M. Initial [Pt(NH3)Cl3-] = 1.66 X 
10~2 M, initial [Cl-] = 5.00 X 10~s M. 

ments to be conducted with low chloride concentra
tions so tha t the acid hydrolysis equilibrium state 
would not be approached too rapidly. The results 
in Fig. 2 were analyzed in the following way. For 
initial concentrations of [Pt(NHs)CIs -] = a, and 
[ C l - ] (with tracer) = b, the initial rate of formation 
of [Pt(NH3)Cl2(H2O)] is given by equation 5 to be 

d [Pt(NH3)Cl2(H2O)] /At = kia(lort = 0) (14) 

For short times, therefore, its concentration is given 
approximately by 

[Pt(NH3)Cl2(H2O)] = hat (15) 

For the period tha t equation 15 is valid, equation 12 
becomes 

Au/At = &-i[Pt(NH3)Cl2(H20)]J(2Sv) + 
^1[Pt(NH3)Cl2(H2O)]/ + R'(I/b) (16) 

After the concentration of [Pt(NH3)Cl2(H2O) ] from 
equation 15 has been substi tuted into equation 16, 
integration for the case in which R' — 0 and Sv = 
I/b{i.e.,R"/R = «.) yields 

u = 3SiLi»(!//2 (17) 

Equation 17 has been used to plot the curve for S/ 
5 » labeled R' = 0, R" = «= in Fig. 2. I t is seen 
tha t exchange of [Pt(NH3)Cl2(H2O)] alone cannot 
account for the rate at which chloride activity en
ters the complex, and some exchange of [Pt(NH 3)-
C l 3 ] - was required. 

Integration of equation IG for the case tha t 5V = 
0 gives 

kik- \at2I 
+ R'lt/b (18) 

This approximation is very satisfactory for values 
of SJ S„ up to 0.2 to 0.3. The values of S/'S „ 
obtained from equation 18 have been plotted for R' 
= 0.7.Ki = Q.lha and for R\ = 0.5R1 = 0.5ha. In 
a set of experiments, of which Fig. 2 is one exam
ple, with initial C l - concentrations varying from 
0.005 to 0.075 M, the indicated ratio R'/R was in

dependent of [ C l - ] and amounted to 0.5-0.7. 
Therefore the direct exchange of [Pt (NHs)Cl 3 ]" is 
chloride independent, i.e., Rx is given by the equa
tion 

R' = ^ ' [Pt(NH3)Cl3-] (19) 

where k' = 0 .5-0 .7^ . 
Exchange for [Pt(NH3)Cl2(H2O)] in Aged Solu

tions of K[Pt(NH 3 )Cl 3 ] . -Figure 3 illustrates the 
results of exchange in an aged solution of K[P t -
(NH3)Cl3] with low chloride concentration for which 

JL . 8 
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Fig. 3.—Exchange between [Pt(NH3)Cl3]- , [Pt(NH3)-
Cl2(H2O)] and C l - vs. time for aged solutions. Temp. = 
20°, ionic strength = 0.318 M, [Pt(NH3)Cl3-] before 
aging = 1.66 X 10" ' M, [Cl"] before aging = 0.0100 M. 
[Pt(NH3)Cl2(H2O)] (equilibrium) = 0.00745 M. O obsd. 
S/Sa [Pt(NH3)Cl3]- ; O obsd. 5 / 5 „ [Pt(NH3)Cl2(H2O)]; 
A, calcd. Sv/S«, for R1ZR1 = 0.7, R"/R1 = 3; B, calcd. 5 V / 
S „f or R'/Ri = 0.7, R'i = 0,R2

11ZR1 = 3.0; C, calcd. Sn/S„, 
for R'/R1 = 0.7, R" = 3.0; D, calcd. Sv/S„ for R'/R1 = 
0.7; R" = ^2[Pt(NH3)Cl2(H2O)]. 

the specific activity of the chloride ligands in [Pt-
(NH3)Cl2(H2O) ] was followed as a function of time. 
The low specific activities of the initial points indi
cated tha t the separation procedure was satisfac
tory and tha t no separation-induced exchange oc
curred. The specific activity for the [Pt(NH3)Cl2-
(H2O)] increased rapidly. The lower curve, D, 
indicates the function predicted for the growth of Sv 

if there was no exchange process for [Pt(NH3)Cl2-
(H2O) ] other than the second acid hydrolysis reac
tion. Curve A was calculated for a value (k" + 
& 2 ) /£- i (Cl - ) = 3. This ratio gave the curve 
which was considered to be the most satisfactory fit 
to the initial slope indicated by the experimental 
points. The calculated curve for specific activity in 
[P t (NH 3 )Cl 3 ] - , shown by curve C, was not changed 
appreciably for values of k"/k-i(C\~) between 0 and 
4. 

I t is interesting to note tha t this calculated curve 
for Sv , as can be seen in Fig. 3, slightly overshoots 
the infinite-time value, Sa. This calculated curve 
deviates from the experimental points by approxi
mately 10-15% at 3-4 hr. Such deviation is not 
large in view of the difficulties and the uncertainty 
in the procedure. However, the experiments were 
repeated carefully several times and the results ap
peared consistent and reproducible. 

The small inconsistency of the calculated and ex
perimental points suggested tha t possibly the chlo
rides in [Pt(NH3)Cl2(H2O)] were not equivalent 
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and might exchange a t different rates. The results 
of Banerjea, Basolo and Pearson4 with [Pt(NH3)3-
C l ] + and with iraw5-[Pt(NH3)2Cl2] showed t ha t 
exchange of chloride ligands sometimes takes place 
under conditions in which the presence of the hy
drolysis product is not detectable. T h e possibility 
therefore was considered in which the two chlorides 
cis to the ammonia in [ P t ( N H 3 ) C l 3 ] - underwent the 
acid hydrolysis reaction (Ic) bu t /raw5-chloride ex
changed by the reaction R ' , which was similar to 
the exchange reaction of [P t (NH 3 ) 3 Cl] + and trans-
[Pt(NH3)2Cl2]. The two chlorides in the cis-[Pt-
(NH3)Cl2(H2O)] are then no longer equivalent. A 
description of the kinetics of exchange has now be
come a 4-variable problem for which the following 
t reatment is given. 

H 3 N -

•CI 
I 

P t - C l - + H2O 

LCl I 
M2 Mi 

* 1 rC l 

H 3 N - P t - C l + Cl" (Ic) 

O 
H2 

where 

Mi = concn. of Cl36 trans to the NH3 in [Pt(NH8)Cl3]", 
cts./min. I1, etc. 

Sm = Wi/ [Pt(NH3)Cl3-], specific activity of the Cl~ trans 
to the NH3 in [Pt(NH3)Cl3]-, etc. 

If the chloride trans to N H 3 in [Pt(NH3)Cl2-
(H2O) ] does not undergo exchange by any process, 
including hydrolysis, ra te expressions (20) to (23) 
can be written to replace equations 12 and 13 

dm/At = -.RiSu1 + #_iSv, + R'(S3 - Su1) (20) 
du2/dt = -2R1S*, + R-.i(S. + ST1) (21) 
dvi/dt = RiSv1 - R-iSy, (22) 
dvi/dt = K1Su, - R-i Sv1 + R"(Sa - Sv1) (23) 

In these equations R1 = R-i for steady state con
ditions, and the ra te constants kx and k-x are just 
those of the first acid hydrolysis. The acid hydroly
sis of [Pt(NH3)Cl2(H2O)] has been included as a 
par t of R". The solution of this set of differential 
equations has been obtained by an electronic ana
log computer. The computer solution for the experi
mental conditions of Fig. 3 has been included for 
the case of R' = 0.70i?i a n d i ? " / ^ = 3.0. This solu
tion gives the same initial slope for the specific ac
tivity in [Pt(NH3)Cl2(H2O) ] as the solution in which 
the chloride ligands in each complex were consid
ered to be equivalent. However, for longer times, 
the 4-variable solution drops below the other. I t 
lies somewhat closer to and indeed slightly below 
most of the experimental points. The experiments 
imply therefore tha t the two chlorides in [Pt(NH 3)-
Cl2(H2O) ] are not equivalent, t ha t both undergo ex
change, bu t one of the chloride exchange processes 
is much faster than the other. 

Chloride Exchange of [P t (NH 3 )Cl 2 (H 2 O)] . -The 
exchange experiments for solutions of [Pt(NH3)Cl2-
(H2O)], which had been prepared by the ion-ex
change procedure, were designed to test the conclu
sion of the last section. Figure 4 shows the experi
mental results which were obtained. For the more 
general case the differential equations 22 and 23 

i /y 

A ^ -

S O 

- " " o 

B 

_ _ C 
C 
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Fig. 4.—Exchange between [Pt(NH3)Cl2(H2O)] and Cl" 
w. time. Temp. = 20°, ionic strength = 0.318 M. Equili
brated solution of [Pt(NH3)Cl2(H2O)], total Pt = 24.0 X 
10-« M to which KCl was added to increase Cl" by 2.90 X 
1O-3 M. 1 hr. before initiation of exchange. A, calcd. 
for ki" = k/ = k"/2 = 9*-i[Cl-] - (equivalent chlo
rides); B, calcd. for Ai" = 0; fe" = *" = 18Jfe-i[Cl-]; 
C, calculated for k2" = 4h" = 4/54' = 14.4£-i[Cl-]. 

must be modified to give 

dvjdt = R1Sn1 - -R-iSv! + R1" (S, - SV1) (24) 
dv2/dt = R1Su, - iJ-iSv, + Ri" (S8 - Sv2) (25) 

so tha t different exchange rates of the two chlo
rides can be considered. The differential equa
tions 20, 21, 24 and 25 were solved for the condi
tions tha t a steady state had been obtained and 
tha t [Pt(NH 3 )Cl 3 - ] « [Pt(NH3)Cl2(H2O)]. These 
conditions were not attained exactly but provided 
a satisfactory approximation for a convenient solu
tion. 

Curve A in Fig. 4 is the solution for the case in 
which 

R1" = 4/[Pt(NH1)Cl2(H2O)] (26) 

and 

Ri" = ^"[Pt(NH3)Cl2(H2O)] (27) 

where k\" = k% . This solution corresponds to 
equivalent chlorides in [Pt(NH3)Cl2(H2O)] which 
undergo an exchange by a process which is zero 
order in chlorides. The kx" and W have been set 
equal to k"/2, which was used to plot curve A in 
Fig. 3. Curve B in Fig. 4 is the solution for which 
kx" = 0 and W = k" (which was used to calcu
late curve B in Fig. 3). Curve A in Fig. 4 ap
proaches 5» rapidly, for both chlorides exchange 
directly. Curve B approaches the asymptotic 
value much more slowly, since the chloride trans to 
N H 3 (vi) can only exchange by the R ' reaction in 
[Pt (NH 3 )Cl 3 ] - . A period of ca. 56 hr. was calcu
lated for the long component of curve B in Fig. 4. 
Again, the experimental points fall between the two 
extremes. Curve C of Fig. 4, which was selected 
as the best fit to the experimental points, corre
sponds to a solution in which k/ = Ak1" = i/ik" = 
IAAk-![Cl-]. I t was noted tha t W corresponds 
closely (within 40%) to the estimate given previ
ously for ki. 

Substitution Reactions of [P t (NH 3 )C l 2 (H 2 O)] . -
The exchange kinetics indicated tha t the chlorides 
in JPt(NH3)Cl2(H2O)] were not equivalent, so 
additional evidence for this conclusion was sought. 
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Cl C l -
I 

H 3 X - P t - C l + XO 2 - > H 3 X - P t - C l + H,0{ 
! i 

OH2 XO, 

The substitution of chloride by NO 2
- and O H - was 

effected in complexes which had undergone a par
tial exchange of the chloride ligands with the tracer 
chloride ion. The results of the hydroxide-sub
stitution reactions are in Table III. In every ex
periment the specific activity of the replaced chlo
ride lay below the specific activity of the chloride 
which remained in the complex. The differences 
in specific activity were not large, but they appeared 
to be distinctly greater than the experimental un
certainty. The low specific activity of the re
placed chloride samples might be caused by the co-
precipitation of a platinum compound with the Ag-
Cl. However, analysis of the AgCl deposits by the 
colorimetric procedure of Ayres and Meyer6 indi
cated less than 5% of the platinum content which 
would have been required to give the observed re
sults. 

TABLE II I 

SUBSTITUTION OF C l - * IN- PARTIALLY EXCHANGED [Pt-

(NH 3 )Cl 2 (OH)J-BY 0 H ~ 

Temo. = 20°; [Pt(NH3)Cl2(OH)J- + O H " -» 
A 

[Pt(NH3)Cl(OH)2]- 4- C l -
B C 

E x c h a n g e 
t i m e for 

[ P t ( N H , ) -
C U ( H 2 O ) ] 
and C l * -

hr . 

1.3 

1.2 

3.25 

O H -
sub-

s t i t u -
t i on 

t i m e , 
h r . 

1.8 
2 .0 
3.5 
3 .5 

1.0 
2.0 
1.0 
2 .0 

Chlo r ide wt . 
in AgCl p p t s . mg . Cl 
R e 

p laced 
C l -
frac-
t ion 
" C " 

Specific a c t i v i t y , 
c t s . / m i n . mg . Cl 

R e 
t a i n e d 
frac
t ion 
" B " 

T o t a l 
" A " 

R e 
p laced 

C l -
frac-
t ion 
" C " 

R e 
t a i n e d 
frac
t ion 
" B " 

T o t a l 
" A " 

4.1 11.4 7.9 242 276 280 
11.3 
10.2 
10.2 
11.9 
11.3 
20.8 
17.8 

7.6 
5.1 

236 
245 
263 
311 
280 
569 
482 

289 

281 

287 

352 

358 

640 

615 

352 

Some additional features of the nitrite substitu
tion were noted. The substitution of one NO 2

- per 
Pt did not reduce the acid content of the solution 
substantially, although the potentiometric titra
tions indicated the presence of a slightly stronger 
acid. When Ag2SO4 in limited excess was added to 
precipitate the substituted chloride, the weights of 
precipitated AgCl were higher than the amounts 
corresponding to the substitution. With the addi
tion of the Ag2SO4, the acid content of the solution 
increased immediately. When two NO2 - per Pt 
had reacted there was a substantial reduction in the 
acid equivalents of the solution. It was still pos
sible to precipitate at least two equivalents of chlo
ride. The observations were consistent with the 
substitution reactions 28. The addition of a second 

(."» C*,. H . Ayres mid A. S. Meyer , Jr . , Anal. Chem., 2 3 , 299 (19.51). 

fast 

fast 

OH2 

H 3 N - P t - C l + C l -

XO2 

Cl 

H 3 X - P t - O H 2 + CV 

(28) 

XO2 

NO 2
- group would give predominantly [Pt(NH3)-

C1(N02)2]~. The labilizing of the chlorides for acid 
hydrolysis upon the addition of nitrite provides for 
the rapid isotopic equilibration of the complexed 
chlorides. 

Discussion 
The rate constants which have been indicated by 

this work are included in Table IV. It is interest-

TABLE IV 

SUMMARY OF R A T E CONSTANTS 

kia k_ia k' /r_2 *," 
(*io) X 10 ' . (*,t?) X 10», *" (A'j?) kt" 

T e m p . , X 10+s, M-i y ios, M-' X 105, X 10' , X 10», 
0 C . s e c . " 1 s e c . - 1 sec. _ i s e c . - 1 s e c . - 1 s e c . " 1 sec. " ' 

0.0 0 21 0.19 0.11 0.69 0.11 0.58 
15.0 1.3 0.98 0.65 
20.0 2.4 1.7 1.2 0.16 8.9 1.8 7.1 
25.0 3.6 2 .5 2 .5 0.2° 
30.0 5.8 3.8 4 .1 20 4 10 
AH* 18 17 20 18 19 18 

(kcal.) 

" From reference 2. 

ing to note that if only the activity of [Pt(NH3)-
Cl 3 ] - is followed, one cannot detect a non-equiva
lence for the chlorides. The constants k' and k" in 
Table IV are substantially the "trial and error" 
values which were considered to give the best de
scription for the exchange of [Pt(NH3)Cl3]- in its 
aged solutions under the assumption that the chlo
rides in each complex are equivalent. The values for 
rcaicd (time of half exchange in Table II) were com
puted from the finally selected values of k' and k". 
The calculations demonstrate that the exchange 
reactions of [Pt(NH3)Cl3] - and [Pt(NH3)Cl2-
(H2O) ] must occur overwhelmingly by processes 
which are zero order in chloride. The results in 
Table II also show that the exchange rates are 
nearly independent of ionic strength. The ex
change behavior is not affected by H + so long as the 
pH was less than ca. 4.5-5.0, for which the con
centration of the conjugate bases of the aquo-com-
plexes are negligible. In the few cases that the ex
change was followed in glass flasks exposed to the 
laboratory light, there was no increase in the ex
change rate. The presence of cerium(IV) in low 
concentrations appeared to accelerate enormously 
at least a portion of the exchange, and this phenom
enon deserves further study. With the sum of the 
rate constants ki" + W equal to k", the calculated 
initial slope for the specific activity in Fig. 4 is iden
tical for the cases of equivalent or non-equivalent 
chlorides. It is recognized that the behavior pre
dicted for the unsymmetric chlorides was not 
greatly different from the equivalent-chloride model 
in view of the experimental difficulties and uncer
tainties. 
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A non-equivalence of chlorides in [Pt(NH3)Cl2-
(H2O) ] requires that at least a portion of this spe
cies be the cw-isomer. A significant simplification 
results if it is assumed that the cw-isomer forms 
predominantly. The rate constant ki becomes the 
rate constant kjc, and k' is assigned to ku. Since 
kn/ki = 0.5-0.7 over the temperature range, the 
predominance of the cw-isomer results from the 
feature k-u » k-i0. Such a conclusion requires 
the cis-isomer in aqueous solution to be the more 
stable in a thermodynamic sense, which is somewhat 
unexpected in view of the relative stability of the 
solid cis- and iraw5-dichlorodiammineplatinum(II) 
isomers. However, a difference of only 3 kcal. in 
the stability between the isomers will explain the re
sults; in aqueous solution the stability of the cis-
isomer will be enhanced by its larger dipole moment. 
Some contribution to stability for the cis-isomer 
also arises from the greater x-bonding, which is pos
sible for the two chlorides. The 7r-bonding has 
been proposed to account for the positive AiI0 in 
the conversion of the cM-bis-(triethylphosphine)-
dichloroplatinum(II) ion into the iraws-isomer, re
ported by Chatt and Wilkins.6 The rate constant 
ki" can be associated with k% and k/ can represent 
the rate of an acid hydrolysis reaction for which 
the rate constant of the reverse reaction is very 
much greater than &_2. All of the exchange which 
has been observed can therefore occur by acid hy
drolysis, the replacement of chloride by the solvent. 
An interchange of the rate constants k\" and k/ 
leads to substantially the same exchange results 
and therefore this alternative is a possibility. If 
the non-equivalence of chlorides were due to the si
multaneous existence of comparable quantities of 
the cis- and trans-isom&rs, at least a comparable 
stability for the two isomers would be required. 
Furthermore, an additional process, which is first 
order in [Pt(NH3)Cl3

-], independent of chloride, 
but which is not an acid hydrolysis, would have to 
be postulated to account for the exchange charac
terized by k'. 

With the present work and the earlier experi
ments,3'4 there are now nine reactions for mononu
clear complexes of platinum (I I), containing only 
H2O, NH3 and C l - ligands, in which the exchange 
of chloride has been demonstrated to occur by 
either a measurable acid-hydrolysis equilibrium or 
by a process which is zero order in chloride ion. 
Apparently the direct, SN2 type of replacement of 
ligand-chloride by the ion cannot compete with the 
substitution by the solvent. For all nine reactions, 
the first-order rate constants at 25° fall within the 
narrow range of 1 X 10~6 to 8 X 10~5 sec. de
spite the fact that the charges on the complex spe
cies range from —2 to + 1 . From the temperature 
dependence of the rate constants k\, k', k\" and 
W, it is apparent that the energies of activation for 
the processes differ by not more than 3 kcal./mole 
from one another. The general rule can be stated 
that a H2O ligand in the platinum(II) complexes is 
replaced by a substituting group more rapidly than 
C l - which in turn is replaced more rapidlv than 
NH8. 

All of the information concerning the system is 
consistent with the proposal of Banerjea, Basolo 

(D) J. Chatt and R. G. Wilkins, J. Cliem. Snc, 273 (1952), 

and Pearson4 that substitution reactions of plati
num (II) complexes proceed by a mechanism in 
which bond formation must accompany the bond 
breaking. They suggested that a dissociative mech
anism can account for the processes. They pro
posed mechanism A in Fig. 5 as a general substitu
tion reaction in which two molecules, which are 
weakly bonded to the Pt along the tetragonal axis 
of the complex, move in toward the central atom as 
the ligand is lost. In the transition state the five 
ligands have approximately a trigonal bipyramid 
arrangement, the equatorial plane for which in
cludes the entering group, the iraws-ligand (L) and a 
solvent molecule. However, the microscopic re
versal of this mechanism will constitute an alterna
tive substitution mechanism. As a consequence, 
for any single substitution, not only path A must 
be considered in Fig. 5 but also B which is equiva
lent to the reverse of A. With any particular con
jugate substitution pair the reaction might take 
place predominantly by one or the other of the two 
paths, depending on the relative energy of the 
two alternative transition states. In some cases 
both mechanisms might make comparable contri
butions. 

-4 ^. 

^ 

L - P f 

X > 
i A 

L — P I — y 
A * " i 

S 

S\ 
L - P t -

Fig. 5.—Mechanism for substitution reactions in which 
Y replaces X which is trans to L'. A, proposal by Banerjea, 
Basolo and Pearson.4 B, alternative to A required by 
principle of microscopic reversibility; C, Ss2 mechanism. 

In view of this complication the SN2 mechanism 
illustrated as C in Fig. 5 appears more attractive. 
For this mechanism the transition state for a sub
stitution process is symmetrical for the leaving and 
entering group. This transition state was utilized 
by Orgel7 and by Chatt, et a/.,8 to account for the 
irons-effect. Since this transition state also is sta
bilized by 7r-bonding to Y as well as by L, it also 
accounts for the feature noted by Banerjea, Basolo 
and Pearson4 that the rates of substitution in
crease with irows-directing character. Substitu
tions for chloride which are zero order in the sub
stitution group can occur by the acid hydrolysis 
followed by the second-order replacement of the 
aquo-ligand. 

(7) L. E, Orgel, J. Inorg. S'ud. Chem., 2, 137 (1956). 
(8) J. Chatt, L, A. Duncanson and L. M. Yananzi, J. Chtm. Soc, 

44Si; (1955) 
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The formation of the CW-[Pt(NHs)2Cl2] by the 
reaction of NH3 with [Pt(NH3)Cl3] - may not be a 
direct substitution of ammonia for chloride. The 
high yield of the cw-isomer probably reflects the 
relative competition of chloride and ammonia to 
replace H2O in the cis- and trans- [Pt (NH3) Cl2-
(H2O) ], both of which exist in the solutions in their 
equilibrium concentrations. However, the direct 
substitution of NH3 in [Pt(NH3)Cl3]- by a slow 
second-order process is not precluded. 

The experimental work has indicated consider
able differences in the A/70 for the acid hydrolysis of 
chloride ligands in the Pt11 complexes. Because of 
these differences the concentrations of some hy
drolysis products escape detection, despite the fact 
that all the hydrolysis reactions occur at nearly the 
same rates. No simple correlation of the stability 

The compound dicobalt hexacarbonyl diphenyl-
acetylene, (CO)6Co2^(CsHs)2], hereinafter re
ferred to as DHDPA, is derived from dicobalt octa-
carbonyl through the replacement of two C = O 
groups by the hydrocarbon ligand in a reaction that 
is quite general for alkynes.2'3 Dicobalt octacar-
bonyl, like most of the transition metal carbonyls, 
is active as a catalyst for introducing H2 and/or 
Cs=O into organic molecules and DHDPA can be 
regarded as simply a stable intermediate formed in 
a typical reaction of this type.4 The structure of 
DHDPA, determined through X-ray analysis and 
reported here at a preliminary stage of refinement, 
represents one of the first molecules to be studied 
which exhibit a multi-point attachment of a single 
organic molecule to more than one metal atom, pos
sibly analogous to the postulated attachment of an 
organic substrate to a metal surface at more than 
one point during heterogeneous catalytic reac
tions.5.8 In the structure of DHDPA we have 
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(2) H. W. Sternberg, H. Greenfield, R. A. Friedel, J. Wotiz, H. 
R. Markby and I. Wender, T H I S JOURNAL, 76, 1457 (1954). 
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I'ublications, London, 1955, p. 218 et seq. 
(6) I. Wender and H. W. ,Sternberg, "Advances in Catalysis and 

Related Subjects," Academic Press, Inc., New York, N. Y., 1957, p. 
591 et seq. 

of the various complexes toward the acid hydrolysis 
with total ionic charge, the nominal charge distri
bution in the complex, or a geometrical arrangement 
of the groups to maximize the extent of 7r-bonding 
has appeared. Yet it appears that a satisfactory 
explanation for the stabilities of the various com
plexes must be presented before a satisfactory de
scription of the substitution processes can be given. 
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definite structural evidence in support of such a 
theoretical model. 

DHDPA forms dark purple crystals which are 
found to be monocHnic with the lattice parameters 

a = 16.01 A. 
b = 15.94 A. 
c = 8.OI5 A. 
(3 = 107.6° 

These lattice parameters coupled with the measured 
density give an experimental value for the number 
of molecules per unit cell of z — 3.82 (2 = 4). Sys
tematic absences require the space group to be 
either C2/c or Cc, and, although the crystal mor
phology and the absence of any measurable piezoelec
tric effect favor the holohedry, the structure has 
been determined to occupy the space group Cc-
C*, which has no positions of symmetry. 

Complete X-ray intensity data were obtained for 
DHDPA with equi-inclination Weissenberg tech
niques using iron Ka X-radiation. The structure 
has been solved and refined by straightforward 
methods of X-ray analysis, all in three dimensions 
viz., a Patterson function, a Fourier synthesis 
based on the cobalt atoms alone, three cycles of 
least-squares refinement and a difference-Fourier 
synthesis in which the cobalt atoms were sub
tracted. All of the atoms of the structure are well 
resolved in the electron density maps and although 
the structure is not completely refined the configura-
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The configuration of dicobalt hexacarbonyl diphenylacetylene has been determined by X-ray crystal structure analysis 
and is reported at a preliminary stage of refinement. The crystals are monoclinic with a = 16.Ol A., 6 = 15.94 A., c = 8.OI5 
A. and /3 = 107.6°. There are four molecules in a unit cell of space group Cc-Cj. The molecule has sixfold coordination 
about the cobalt atoms in a distorted octahedral configuration with the C-C bond of the acetylene approximately normal to 
the Co-Co bond in a distorted tetrahedral arrangement that gives approximate C2v symmetry for the molecule, except for the 
benzene rings. The molecule can be related to the proposed structures of dicobalt octacarbonyl, which are based upon a 
trigonal bipyramidal system of bonds, by considering the bonds from the cobalt atoms to the acetylenic linkage as metal 
atom-jr bonds similar to those found for the palladium chloride complexes with ethylene. 


